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Acute stress has an important impact on higher-order cognitive functions supported by
the prefrontal cortex (PFC) such as working memory (WM). In rodents, such effects
are mediated by stress-induced alterations in catecholaminergic signaling, but human
data in support of this notion is lacking. A common variation in the gene encoding
Catechol-O-methyltransferase (COMT) is known to affect basal catecholaminergic
availability and PFC functions. Here, we investigated whether this genetic variation
(Val158Met) modulates effects of stress on WM-related neural activity in humans. In a
counterbalanced crossover design, 41 healthy young men underwent functional magnetic
resonance imaging (fMRI) while performing a numerical N-back WM task embedded
in a stressful or neutral context. Moderate psychological stress was induced by a
well-controlled procedure involving viewing strongly aversive (versus emotionally neutral)
movie material in combination with a self-referencing instruction. Acute stress resulted
in genotype-dependent effects on WM performance and WM-related activation in the
dorsolateral PFC, with a relatively negative impact of stress in COMT Met-homozygotes
as opposed to a relatively positive effect in Val-carriers. A parallel interaction was
found for WM-related deactivation in the anterior medial temporal lobe (MTL). Our
findings suggest that individuals with higher baseline catecholaminergic availability (COMT
Met-homozygotes) appear to reach a supraoptimal state under moderate levels of stress.
In contrast, individuals with lower baselines (Val-carriers) may reach an optimal state.
Thus, our data show that effects of acute stress on higher-order cognitive functions vary
depending on catecholaminergic availability at baseline, and thereby corroborate animal
models of catecholaminergic signaling that propose a non-linear relationship between
catecholaminergic activity and prefrontal functions.
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INTRODUCTION
Acute stress has an important impact on higher-order cogni-
tive function such as working memory (WM). These effects are
believed to result from stress-induced alterations of large-scale
brain network functioning including the prefrontal cortex (PFC),
through stress-sensitive neuromodulatory systems (Goldman-
Rakic, 1995; Aston-Jones and Cohen, 2005; Arnsten, 2007, 2009;
McEwen, 2007; Sara, 2009; Hermans et al., 2011). In particular,
stress-induced changes in catecholaminergic signaling play a cen-
tral role in modulating prefrontal functions in rodents (Arnsten
and Goldman-Rakic, 1998; Arnsten, 2009). Yet, direct human
data in support of this notion is lacking. A variation (Val158Met)
in the gene encoding Catechol-O-methyltransferase (COMT) is
associated with individual differences in basal catecholaminergic
availability (Lotta et al., 1995; Mannisto and Kaakkola, 1999) and
prefrontal functions (Chen et al., 2004). We, therefore, conjecture
that effects of acute stress may interact with COMT genotype to
alter WM-related PFC function in humans.
Exposure to acute stress leads to rapid activation of sympa-
thetic nervous system (SNS) and hypothalamic-pituitary-adrenal
(HPA) axis, and is accompanied by a tonical increase of central
release of catecholamine levels (de Kloet et al., 2005; Arnsten,
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2009; Joels and Baram, 2009). Through ascending projections
from brainstem nuclei where the locus coeruleus norepinephrine
and midbrain dopaminergic systems locate, these stress-sensitive
catecholamines alter neuronal functioning of widely distributed
brain regions, particularly including the PFC (Arnsten and Li,
2005; Aston-Jones and Cohen, 2005; Arnsten, 2009; Sara, 2009).
Converging evidence from human behavioral and neuroimag-
ing studies have confirmed that acute stress indeed alters WM
performance with both detrimental (Elzinga and Roelofs, 2005;
Oei et al., 2006; Luethi et al., 2008; Schoofs et al., 2008) and
enhancing (Lewis et al., 2008; Weerda et al., 2010; Hidalgo et al.,
2011) effects, likely through altered efficiency of WM-related
processing in dorsolateral PFC (Porcelli et al., 2008; Qin et al.,
2009; Weerda et al., 2010). Interestingly, animal studies suggest
that stress-sensitive catecholamines exert an inverted U-shaped
influence on prefrontal functions (Aston-Jones and Cohen, 2005;
Vijayraghavan et al., 2007), in which prefrontal functioning
reaches an optimum at an intermediate level of catecholamin-
ergic activity (Arnsten and Li, 2005; Aston-Jones and Cohen,
2005; Vijayraghavan et al., 2007). These implicate that acute
stress may have variable (i.e., either detrimental or enhancing)
effects on PFC functions depending on levels of stress-induced
catecholaminergic activity.
The intracellular enzyme COMT plays a key role in regulating
catecholaminergic availability. A single nucleotide polymorphism
(SNP) in the gene coding COMT, which causes a Valine-to-
Methionine substitution at codon 158 (Val158Met), leads to a
3–4 fold decrease in the ability of this enzyme to catabolize cat-
echolamines (Lotta et al., 1995; Mannisto and Kaakkola, 1999).
As a consequence, basal levels of catecholaminergic availability
in Met-homozygotes are presumed to be increased through-
out the cortex, particularly for the PFC (Chen et al., 2004).
Associations have been found in humans between COMT geno-
type and higher-order PFC functions and emotional processing in
both health and disease (Drabant et al., 2006; Meyer-Lindenberg
et al., 2006; Bishop et al., 2008). Interestingly, recent evidence
from human and rodent studies suggests that COMT genotype
may interact with catecholaminergic manipulations altering PFC
function (Mattay et al., 2003; Bertolino et al., 2004; Papaleo et al.,
2008). Specifically, one study demonstrated thatCOMT knockout
mice (Met-like genotype) is associated with better WM function-
ing at baseline, but also with a higher sensitivity to stress. In
contrast, the COMT-Val transgenic mice (Val-like genotype) are
associated with inferior WM performance at baseline, but are less
sensitive to stress (Papaleo et al., 2008). Based on these findings
and the aforementioned inverted U-shaped relationship between
catecholaminergic signaling and neurocognitive functioning, one
may hypothesize that effects of experimentally induced moderate
stress onWM-related prefrontal activity in humans would exhibit
a similar genotype-dependency, with stronger detrimental effects
of stress in COMT Met-homozygotes.
To test this hypothesis, 41 healthy young men under-
went functional magnetic resonance imaging (fMRI) while
performing a numerical N-back WM task (including 2- and
0-back conditions). In counterbalanced order, one session
involved stress induction while the other session served as con-
trol. Moderate psychological stress was induced experimentally
by a standardized cinematographic procedure in which partici-
pants saw strongly aversive (vs. neutral control) movie material
combined with a self-referencing instruction, which has been
shown previously to elicit physiological and psychological stress
responses (Henckens et al., 2009; Qin et al., 2009; Hermans et al.,
2011). To validate our stress manipulation, measures of heart
rate (HR), α-amylase, salivary cortisol, and subjective negative
affect were acquired prior to, during and after fMRI scanning.
Given the relatively low frequency of Val-homozygotes in our
sample, Val-carriers were treated as a single group in all analy-
ses. We predicted that moderate psychological stress would have
an interactive effect on the differential neural activity reflecting
WM load (2- vs. 0-back) in Met-homozygotes and Val-carriers,
with a stronger stress-induced reduction of differential dorso-
lateral PFC activity in Met-homozygotes. Because WM-related
activation of the dorsolateral PFC is normally accompanied by
deactivation in the medial temporal lobe (MTL), and adaptive
changes in reciprocal organization of dorsal executive and ven-
tral affective brain areas under arousal and stressful circumstance
(Dolcos and McCarthy, 2006; Oei et al., 2011; Cousijn et al.,
2012), we also conjectured a corresponding genotype-dependent
effect in the MTL.
MATERIALS ANDMETHODS
PARTICIPANTS
Forty-one young, healthy, right-handed males (Caucasian eth-
nicity, aged 18–35 years) with normal or corrected-to-normal
vision participated in this study. There are 16 Met-homozygotes
(Met/Met), 7 Val-homozygotes (Val/Val) and 18 heterozygotes
(Val/Met). Participants reported no history of neurological, psy-
chiatric, or endocrine disease, and no current use of psychoac-
tive drugs or corticosteroids. None of them had experienced
severe physical or emotional trauma. Only men were included
to avoid confounds related to gender differences and menstrual
cycle-dependent variance in stress responsiveness (Kirschbaum
et al., 1999; Kudielka and Kirschbaum, 2005). All had partici-
pated before in MRI experiments to minimize stress responses
evoked by unfamiliarity with the environment and procedures.
The study was in accordance with the Declaration of Helsinki
and institutional guidelines of the local ethics committee (CMO
Region Arnhem-Nijmegen, Netherlands). All participants gave
written informed consent. Data from two participants (1 Met-
homozygote and 1 heterozygote) were excluded from further
analysis completely, either due to technical failure or excessive
head movement during scanning.
Participants were tested in a mixed factorial design with stress
induction as within-subject factor and genotype as between-
subject factor. The groups (COMT Met-homozygotes and Val-
carriers) did not differ significantly regarding age (p > 0.1) and
trait anxiety (p > 0.4) (see Table 1).
GENERAL PROCEDURE
The experiment was carried out in the afternoon (after 1 pm)
to ensure relatively stable and low levels of endogenous cortisol.
After arrival, 1 h before scanning, participants trained on theWM
task extensively and completed various questionnaires. To deter-
mine whether baseline cortisol levels differed between COMT
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Table 1 | Participant demographics.
Met-homozygotes (n = 15) Val-carriers (n = 24) Total (n = 39)
Age (mean ± SE) 23.51 ± 1.13 23.82 ± 5.57 23.67 ± 5.55
Anxiety (mean ± SE) 28.52 ± 5.57 31.00 ± 5.33 30.49 ± 5.50
Note: Due to either technical failure or excessive head movement during scanning, data from two participants were excluded from further analyses. SE, standard of
error of mean; anxiety, trait anxiety scores.
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FIGURE 1 | Overview of experimental design. The experiment consisted
of stress and control conditions (or sessions), and the order was
counterbalanced across participants. After preparation outside the scanner,
a numeric N-back WM task was administered twice: in one session it was
embedded in a stressful context and the other one in a neutral control
condition (see Stress induction for details). Note: The numbers in the
squares indicate the time in minutes. S1–S4 represents four saliva samples
coinciding with subjective mood ratings (PANAS). T1 and DTI stand for a
high-resolution anatomical scan and a diffusion tensor imaging scan.
genotypes, all participants were asked to take one saliva sample as
baseline in the late afternoon on the day before the experiment at
home. Other saliva samples and subjective affect positive and neg-
ative affect scales (PANAS) were obtained before and after both
experimental conditions. The actual fMRI experiment consisted
of four short movie clips to ensure that tasks of interest were fully
embedded in a continuously stressful (or neutral control) context.
Between the first and second movie clips, participants performed
the numeric N-back task (Figure 1). Before and after the stress
and control condition, saliva samples and subjective affect ratings
were collected and HR was measured throughout the experiment.
The two conditions were separated by approximately 20min,
consisting of a structural MRI scan and a perfusion fMRI scan.
STRESS INDUCTION
In the stress induction condition, moderate acute psychologi-
cal stress was induced by showing short movie clips within the
MRI scanner containing scenes with strongly aversive content
(extreme violence) selected from a commercially available movie
(Irreversible, 2002, by Gaspar Noé). The N-back task was fully
embedded in short movie clips (Figure 1) containing scenes with
extremely aversive content. In the control condition, participants
watched equally long movie clips from another movie (Comment
j’ai tué mon père, 2001, by Anne Fontaine) which were equal
in luminance and similar in language but contained only non-
arousing scenes. Matching for audiovisual characteristics was
performed by the authors by selecting aversive and neutral clips
out of a set of candidate clips which best matched on themeasures
described in Hermans et al., 2011. After short introductory texts,
participants were asked to watch the movies attentively and take
an eyewitness perspective as to involve them maximally in the
action taking place in the movie clips. The WM task was closely
surrounded by two movie clips in time in order to boost stress
induction and create a continuously stressful context.
We chose to use a stress induction procedure involving expo-
sure to aversive cinematographic material in combination with
self-referencing instruction, because of the following consider-
ations (also see Hermans et al., 2011). First, this procedure
allows us to create an ecologically valid model for examin-
ing stress-induced adaptive alterations (i.e., hypersensitivity at
the cost of higher-order cognitive functions) when exposing
to acutely stressful experiences in the real world that may
ultimately trigger emotional trauma with detrimental effects
on various higher-order prefrontal cognitive functions. Second,
exposure to highly aversive films in combination with self-
referencing instruction meets the requirements for the physiolog-
ical stress response in humans, particularly with activation of the
sympatho-adrenomedullary system (SAM) and substantial eleva-
tion of epinephrine and norepinephrine levels, as described by
Mason (Mason, 1968). Finally, unlike stressors based on public
speaking, and cognitive performance in combination with neg-
ative social evaluation (Kirschbaum et al., 1993; Wang et al.,
2005; Pruessner et al., 2008), our stress induction is likely to
yield emotion focused rather than social or problem-focused cop-
ing strategies and plausibly triggers a state of fearful arousal.
From a more general and broader standpoint of view, such a
state of fearful arousal has been long believed to be an impor-
tant feature of psychological stress in both animals and humans
(Mason, 1968; Arnsten and Goldman-Rakic, 1998; Mobbs et al.,
2007; Arnsten, 2009; Shackman et al., 2011). Moreover, previ-
ous studies have shown that this method elicits a measurable
psychological, physiological, and neuroendocrine stress response
(Henckens et al., 2009; Qin et al., 2009; van Marle et al., 2009),
although it has relatively lower cortisol elevations than other
social and/or cognitive challenging stressors. Notably, our stress
induction procedure has been validated by one recent pharma-
cological study in humans, demonstrating that stress-sensitive
noradrenergic (probably dopaminergic as well) activity plays a
central role in regulating acute psychological stress (Hermans
et al., 2011). This nicely fits the primary goal of our present study
addressing how a genetic variation in catecholaminergic func-
tion modulates the effect of acute psychological stress on WM
processing in humans.
N-BACK TASK
Using a blocked-design, participants completed six cycles of
alternating 0- and 2-back conditions interleaved by a jittered
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resting-fixation baseline ranging from 8 to 12 s. Within each
block, a random digit sequence consisting of 15 single dig-
its was shown to participants. Each digit was presented for
400ms, followed by an inter-stimulus interval of 1400ms. Each
block lasted 27 s. During the 0-back condition, participants were
asked to detect whether the current item on the screen was a
“1” or not. During the 2-back condition, participants were asked
to detect whether the current item had appeared two positions
back in the sequence. Participants were instructed to make a but-
ton press with their index finger when detecting a target. Before
fMRI scanning, they were extensively trained in performing the
task to minimize interindividual variability and reduce practice
effects. During this pretraining session, we trained every partici-
pant to perform 10 cycles of alternating 0- and 2-back conditions
as used in our previous study (Qin et al., 2009). We did not set
up specific performance criteria during pretraining, because we
intended to minimize potential anticipatory and psychological
stress induction when performing challenging WM task con-
joint with performance evaluation (Dickerson and Kemeny, 2004;
Pruessner et al., 2008).
PHYSIOLOGICAL AND PSYCHOLOGICAL MEASUREMENTS OF STRESS
To assess the SNS and HPA axis responses to the stress manip-
ulation, saliva was sampled with salivette collection devices to
determine the levels of α-amylase and cortisol. Samples were
taken on the day before the experiment and before and after
both conditions (five in total) and were stored at −20◦C until
analysis. The analysis (Cousijn et al., 2010; Strahler et al.,
2010) was carried out at the Biopsychology Department in
Dresden, where samples were prepared for biochemical anal-
ysis by centrifuging at 1500× g for 5min, which resulted
in a clear supernatant of low viscosity. Salivary-free corti-
sol concentrations were determined with a chemiluminescence
assay with high sensitivity of 0.16 ng/mL (IBL). Concentration
of α-amylase in saliva was measured by an enzyme kinetic
method: saliva was processed on a Genesis RSP8/150 liquid
handling system (Tecan). First, saliva was diluted 1:625 with
double-distilled water by the liquid handling system. Twenty
microliters of diluted saliva and standard were then trans-
ferred into standard transparent 96-well microplates (Roth).
Standard was prepared from “Calibrator f.a.s.” solution (Roche
Diagnostics) with concentrations of 326, 163, 81.5, 40.75, 20.38,
10.19, and 5.01U/L α-amylase, respectively, and double-distilled
water as zero standard. After that, 80mL of substrate reagent
(α-amylase EPS Sys; Roche Diagnostics) were pipetted into each
well using a multichannel pipette. The microplate containing
sample and substrate was then warmed to 37◦C by incubation in
a water bath for 90 s. Immediately afterwards a first interference
measurement was obtained at a wavelength of 405 nmwith a stan-
dard ELISA reader (Anthos Labtech Instruments HT2). The plate
was then incubated for another 5min at 37◦C in the water bath,
before a second measurement at 405 nm was taken. Increases
in absorbance were calculated for unknowns and standards.
Increases of absorbance of diluted samples were transformed to
α-amylase concentrations using a linear regression calculated for
each microplate (Graphpad Prism 4.0 c for MacOSX; Graphpad
Software). For one subject no data were acquired and for one
subject the analysis did not succeed, whereas data of a third sub-
ject were not taken into account because he consumed caffeine
shortly before the experiment. Behavioral and fMRI data qual-
ity of these three subjects were good, thus they were included in
further analysis.
To assess autonomic activity throughout the experiment, we
continuously recorded HR with an infrared pulse oximeter (MR-
compatible) placed on the index finger of the left hand. Offline
artifact correction and analysis of the HR frequency was done
with in-house software. The HR frequency was averaged for the
duration of each movie clip and the task. HR data from one
participant were excluded due to excessive artifacts, while corre-
sponding behavioral and fMRI data were included into further
analysis.
Mood state was assessed using the positive and negative affect
scale (PANAS) questionnaire (Watson et al., 1988) at four time
points coinciding with the collection of salivary samples.
GENOTYPING
Genetic analyses were performed at the Department of Human
Genetics of the Radboud University Nijmegen Medical Centre, in
a laboratory which has a quality certification according to CCKL
criteria. High molecular weight DNA was isolated from saliva
using Oragene containers (DNA Genotek, Ottawa, ON, Canada)
according to the protocol supplied by the manufacturer. All par-
ticipants were genotyped for the COMT SNP rs4680 (G>A;
Val1 58 Met) using Taqman® analysis (Applied Biosystems,
Nieuwerkerk a/d IJssel, Netherlands). Genotyping was carried
out in a volume of 10μl containing 10 ng of genomic DNA,
5μl of Taqman Mastermix (2×; Applied Biosytems), 0.375μl
of the Taqman assay, and 3.625μl of Milli-Q. The amplifica-
tion protocol consisted of an initial denaturation step at 95◦C for
10min followed by 40 cycles of denaturation at 92◦C for 15 s and
annealing and extension at 60◦C for 60 s. Allele-specific fluores-
cence was subsequently measured on an ABI 7500 FAST (Applied
Biosystems). Taqman genotyping assays were validated before use
and 5% duplicates and blanks were taken along as quality con-
trols during genotyping. Genotyping results were only considered
valid if duplicates and blanks were called correctly and genotypes
could be called for at least 95% of the sample tested. All genotype
frequencies were tested for Hardy-Weinberg Equilibrium.
fMRI DATA ACQUISITION
During MRI scanning, whole brain T2∗-weighted echo planar
imaging based on blood oxygenation level-dependent contrast
(EPI-BOLD) fMRI data were acquired with a Siemens Trio 3.0 T
MR-scanner (Erlangen, Germany) using an ascending slice acqui-
sition sequence. Parameters of the sequence are following: 37
axial slices; volume repetition time, TR 2.18 s; echo time, TE
25ms; 80◦ flip angle; slice matrix size, 64 × 64; slice-thickness,
3.0mm; slice gap, 0.3mm, field of view, FOV 212 × 212mm.
Two hundred six volumes were acquired during the N-back task.
High-resolution structural images (1 × 1 × 1mm) were acquired
using a T1-weighted 3D magnetization-prepared rapid gradient-
echo (MPRAGE) sequence (TR, 2.3 s, TE, 3.03ms, 8◦ flip angle,
192 contiguous sagittal slices, slice matrix size, 256 × 256, FOV,
256 × 256mm).
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Table 2 | Physiological and psychological measurements of stress (n = 39).
Cortisol (nmol/l) α-amylase (U/l) HR (beats per minute) Negative affect
Pre- Post- Pre- Post- M1 N-back M2 Pre- Post-
Stress 7.68 ± 0.80 7.97 ± 0.93 47.77 ± 6.09 58.06 ± 7.55 68.10 ± 1.85 64.71 ± 1.55 65.80 ± 1.72 12.80 ± 0.47 16.28 ± 0.89
(mean ± SE)
Control 8.32 ± 0.73 6.39 ± 0.46 55.30 ± 7.14 49.36 ± 6.71 59.92 ± 1.32 63.24 ± 1.42 60.29 ± 1.34 13.13± 0.61 12.54 ± 0.46
(mean ± SE)
Note: HR, heart rate; Pre-, saliva sampling prior to stressor or control session; Post-, saliva sampling posterior to stressor or control session; M1 and M2, movie clips
prior and posterior to N-back task; Negative affect, negative affect scale; SE, standard error of mean.
Table 3 | Averaged (mean ± SE) accuracy and reaction times for 0- and 2-back working memory (n = 39).
Met-homozygotes (n =15) Val-carriers (n = 24) Total (n = 39)
Control Stress Control Stress Control Stress
Accuracy 0-back 0.992 ± 0.005 1.000 ± 0.000 0.956 ± 0.029 0.961 ± 0.024 0.955 ± 0.019 0.976 ± 0.015
2-back 0.849 ± 0.063 0.795 ± 0.046 0.862 ± 0.044 0.889 ± 0.025 0.857 ± 0.026 0.855 ± 0.023
RTs 0-back 845.3 ± 24.1 824.2 ± 14.1 863.4 ± 28.8 841.1 ± 19.4 856.8 ± 16.3 834.8 ± 13.9
2-back 960.3 ± 42.9 945.8 ± 24.6 977.3 ± 37.6 964.8 ± 25.9 971.0 ± 23.8 957.8 ± 19.9
Note: RT, reaction times; SE, standard error of mean.
fMRI DATA ANALYSIS
Image preprocessing and statistical analysis was performed using
SPM5 (http://www.fil.ion.ucl.ac.uk/spm/). The first five EPI vol-
umes were discarded to allow for T1-equilibration. Remaining
functional images were rigid-body motion corrected and the
mean image was coregistered to each participant’s T1-weighted
MR-image. Subsequently, images were transformed into a com-
mon stereotactic space, and resampled into 2mm isotropic voxels.
Finally, images were spatially smoothed by convolving with an
isotropic 3D-Gaussian kernel (8mm full width at half maxi-
mum). The data were statistically analyzed using general linear
models and statistical parametric mapping (Friston et al., 1995).
To assess neural activity associated with 0- and 2-back con-
ditions, the two conditions were modeled separately as box-
car regressors and convolved with the canonical hemodynamic
response function in SPM5. Additionally, realignment parame-
ters were included to account for movement-related variability.
The analysis furthermore included high-pass filtering using a
cutoff of 1/128Hz, global intensity normalization, and serial cor-
relations correction using a first-order autoregressive [or AR(1)]
model.
The contrast parameter images for the 2- vs. the 0-back
condition, generated at the single-subject level, were submit-
ted to a second-level analysis within a stress-by-genotype group
mixed factorial analysis of variance (ANOVA). The analysis of
WM-related deactivations was conducted based on the oppo-
site contrast of 0- vs. 2-back condition. We used an alpha of
0.05 corrected for multiple comparisons based on suprathreshold
cluster size statistics (Worsley et al., 1996). The initial thresh-
old for this analysis was set at p < 0.001, uncorrected. Given
our clear hypotheses regarding the PFC, this region was addi-
tionally investigated with a reduced search region consisting of
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FIGURE 2 | Stress-by-COMT genotype interaction effect on WM
performance. Difference of accuracy between 2- and 0-back tasks was
plotted on the vertical axis as a function of control and stress conditions for
two genotype groups (COMT Met-homozygotes and Val-carriers). Note:
∗p < 0.05; error bars in the graph represent standard error of mean.
an unbiased, anatomically defined, gray matter mask of the PFC
covering the entire prefrontal areas, by using non-stationary
suprathreshold cluster-size approach based on Monte-Carlo sim-
ulations (Forman et al., 1995; Ward, 2000; Nichols and Hayasaka,
2003; Hayasaka et al., 2004). This approach allows us to deter-
mine the minimum cluster size that controls for false positive
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rate. The PFC mask was anatomically defined by combination of
a gray matter mask and the anatomical automatic labeling (AAL)
template of the PFC.Monte-Carlo simulations were implemented
in Matlab using methods similar to the AlphaSim procedure.
Ten thousand iterations of random 3D images, with the same
resolution and dimensions as the fMRI data, were generated.
The resulting images with the gray matter mask of interest were
smoothed with the same 8mm FWHM Gaussian kernel used
to smooth our fMRI data. The maximum cluster size was then
computed for each iteration and the probability distribution was
estimated across the 10,000 iterations. The cluster threshold cor-
responding to a voxel-wise threshold of p < 0.001 for height,
and a significance level of p < 0.05 corrected for multiple spatial
comparisons was determined to be 28 voxels. Parameter estimates
were extracted from clusters of activation associated with interac-
tion effects to characterize the neural activation patterns of the
stress and neutral conditions in the two groups using MarsBar
(Brett et al., 2002).
RESULTS
EFFECTIVENESS OF STRESS INDUCTION
Measurements of salivary cortisol, α-amylase, and subjective neg-
ative affect were submitted to separate 2 × 2 × 2 repeated mea-
sures ANOVAs with stress (stress induction vs. control) and time
(pre vs. post) as within-subject factors, and genotype (COMT
Met-homozygotes vs. Val-carriers) as between-subject factor, and
with the order effect of stress manipulation as a covariate of no
interest (similarly hereinafter for other ANOVAs including func-
tional imaging data). Time-by-stress interactions were found for
salivary cortisol [F(1, 34) = 4.46, p < 0.05], α-amylase [F(1, 34) =
8.59, p = 0.006] (Table 2), and negative affect [F(1, 37) = 20.49,
p < 0.001]. For cortisol, a decrease was observed from pre-
to post-stressor levels in the neutral condition [t(35) = 5.12,
p < 0.001], but no significant change in the stress condition
[t(35) < 1]. For α-amylase, we observed an increase in the stress
condition [t(35) = 2.33, p < 0.03] and a decrease in the con-
trol condition [t(35) = 2.07, p < 0.05]. Negative affect increased
in the stress condition only [F(1, 37) = 8.23, p < 0.01]. In addi-
tion, a two independent samples T test revealed t difference
[t(34) < 1] in cortisol between Met-homozygotes (7.89 ± 7.92)
and Val-carriers (8.04 ± 2.17) at baseline which were collected
one day prior to the experiment.
HR data were analyzed with a 2 × 3 × 2 repeated measures
ANOVA across averaged measures during the N-back task and
the two surrounding movie clips. We found a main effect of
stress [F(1, 74) = 46.62, p < 0.001], and further t-tests confirmed
that HR was consistently higher during all three phases of the
experiment in the stress condition [all t(38) > 2.29, p < 0.03].
None of the statistical tests described above revealed signif-
icant interaction effects of genotype and order-related effects.
Table 4 | Brain activations related to WM, and modulations of stress and COMT genotype.
Brain regions L/R BA T score Cluster size MNI coordinates
x y z
WM-related activation: 2- vs. 0-back collapsing across conditions and groups
Inferior parietal cortex L 40 15.42 7528∗∗∗ −36 −42 44
R 14.46 44 −42 48
Superior PFC L 8 14.83 19642∗∗∗ −4 14 54
R 14.12 4 22 50
Dorsolateral PFC R 9 and 10 12.16 40 36 34
L 10.40 −50 24 30
Inferior PFC L 47 13.23 −32 20 −2
R 15.07 34 26 −2
Striatum L – 9.53 −18 −2 14
R 8.45 16 4 4
Midbrain L – 6.91 −6 −24 −10
R 7.04 6 −24 −8
Cerebellum L – 14.03 3389∗∗∗ −28 −60 −28
R 14.02 30 −60 −26
Main effect of genotype: Met/Met vs. Val-carriers collapsing across conditions
Dorsolateral PFC L 3.94 40∗ −42 42 12
R 5.13 128∗∗ 42 8 44
Main effect of genotype: Met/Met vs. Val-carriers collapsing across conditions
Dorsolateral PFC R 5.78 169∗∗ 44 10 44
Interaction: (stress vs. control) × (Met/Met vs. Val-carriers)
DLPFC R 6 4.03 40∗ 30 30 42
Note: Only clusters significant at p < 0.05 corrected on cluster level were reported. ∗∗∗p < 0.05 FWE whole brain corrected; ∗∗cluster p < 0.05 whole brain corrected;
∗cluster p < 0.05 small volume correction using non-stationary suprathreshold cluster-size approach. Stress, stress group; Control, control group; PFC, prefrontal
cortex; L, left; R, right; BA, Brodmann Area; MNI, MNI coordinates (SPM5).
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Together, these results consistently confirm that the N-back
task was indeed embedded in a stressful context in the stress
condition.
WM PERFORMANCE
The mean accuracy and reaction times (RTs) are included in
Table 3. WM load effects on accuracy and RTs (i.e., differ-
ences between 2- vs. 0-back) were submitted to two separate
2 (stress) by 2 (genotype) ANOVAs. For accuracy, we found a
main effect of genotype [F(1, 36) = 4.95, p < 0.03] with worse for
Met-homozygotes in general, and an interaction between geno-
type and stress [F(1, 36) = 4.47, p < 0.04] (see Figure 2). Further
analyses revealed thatCOMT Met-homozygotes performed worse
than Val-carriers in the stress condition [t(37) = 2.85, p < 0.01],
while no genotype effect was found in the control condition
[t(37) = 1.31, p > 0.20]. For RTs, neither a main effect of geno-
type nor an interaction effect was found [all F values <1]. To
explore potential differences between Val-homozygotes and het-
erozygotes, we also conducted separately an additional 2-by-3
ANOVA by splitting Val-carriers into heterozygotes and Val-
homozygotes, two separate, genotype groups for accuracy and RT
data.We found a similar (but weaker)main effect of genotype and
an interaction between the factors of genotype and stress. We did
not find a significantly larger effect for Val-homozygotes than het-
erozygotes, likely due to the small sample size. Altogether, these
results indicate that there was a larger detrimental effect on accu-
racy in COMT Met-homozygotes as compared to Val-carriers in
the stress condition.
STRESS-BY-COMT GENOTYPE INTERACTION IN WM-RELATED
ACTIVATION IN THE DORSOLATERAL PFC
First, by contrasting 2- with 0-back conditions (collapsing across
groups), we confirmed activation of a WM-related frontal-
parietal network (Table 4), indicating robust main effects of WM
load. We also found main effect of genotype on the dorsolateral
PFC when collapsing across the stress and control conditions, as
well as in the control condition alone (Table 4). More impor-
tant for the question at issue, we found a suprathreshold cluster
in the right dorsolateral PFC (local maxima at [30, 30, 42],
t value = 4.03, cluster p < 0.05 small volume correction using
non-stationary suprathreshold cluster-size approach) for the
interactive effect of stress (control vs. stress) and genotype
(COMT Met-homozygotes vs. Val-Carriers) on this contrast.
There was no reliable activation outside of the PFC in this con-
trast of stress-by-COMT interaction. As shown in Figure 3, stress
induction had opposite effects on WM-related activity in this
region depending on genotype. We also analyzed the data by
splitting Val-carriers into heterozygotes and Val-homozygotes,
two separate groups. This analysis revealed almost an identical
main effect of genotype and interaction between stress and geno-
type in the dorsolateral PFC. Val-homozygotes showed numer-
ically lower activation in the DLPFC in the control condition,
and larger stress-induced positive effect as relative to heterozy-
gotes. These effects, however, do not reach the level of signifi-
cance applied to the analysis otherwise. This lower reliability is
likely due to the small sample size of Val-homozygotes in our
present study.
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FIGURE 3 | Stress-by-COMT genotype interaction effect on WM-related
activity in the dorsolateral PFC. (A) Transversal (left panel) and coronal
(right panel) view of activation in the right dorsolateral PFC showing
significant stress-by-COMT genotype interaction effect. Statistical
parametric maps are superimposed onto spatially normalized and averaged
(n = 39) high-resolution T1-weighted images (thresholded at p < 0.001
uncorrected for visualization purposes). (B) Bar graphs representing
parameter estimates of WM-related activation under control and stress
conditions in Met-homozygotes (Met/Met) and Val-carriers. The data for
these bar graphs were only extracted to illustrate the interaction effect.
Note: Control, control condition; PFC, prefrontal cortex; Stress, stress
condition; error bars in the graph represent standard error of mean; T, color
coded t values obtained from the whole brain analysis.
STRESS-BY-COMT GENOTYPE INTERACTION INWM-RELATED
DEACTIVATION IN THE MTL
By contrasting 0- with 2-back conditions (collapsing across
groups), we replicated previous findings showing deactivation in
regions comprising the “default mode” network (Table 5). For
the interactive effect of stress (control vs. stress) and genotype
(COMT Met-homozygotes vs. Val-carriers) on this contrast, we
found significant clusters in the bilateral anterior MTL extend-
ing into amygdala (local maxima at [−46, 2, −20] and [30, 0,
−22], both t values > 4.17, both cluster p < 0.05 whole-brain
corrected). As shown in Figure 4, this interaction exhibits a pat-
tern that is opposite to the one in the dorsolateral PFC—that is,
a clear pattern of stress-induced positive and negative effect for
Met-homozygotes and Val-carriers, respectively.
DISCUSSION
The present study investigated whether effects of psychological
stress on WM-related neural activity are modulated by a genetic
variation in catecholaminergic function (determined by COMT
genotype) in humans. As expected, stress induction resulted in
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Table 5 | Brain deactivations related to WM, and modulations of stress and COMT genotype.
Brain regions L/R BA T score Cluster size MNI coordinates
x y z
WM-related deactivation: 2- vs. 0-back collapsing across conditions and genotype groups
Posterior cingulate cortex – 31 16.05 7210∗∗∗ 0 −42 36
L 13.49 −6 54 18
Ventral medial PFC L 10 12.63 5690∗∗∗ −4 48 −6
– 12.34 0 52 14
Hippocampus L – 12.03 5201∗∗∗ −26 −24 −16
R 11.29 5449∗∗∗ 28 −20 −16
Anterior MTL L 35/28 9.81 −22 −10 −16
R 6.98 30 −6 −18
Insula L 13 9.88 −36 −16 2
R 10.52 40 −16 18
Interaction: (control vs. stress) × (Met/Met vs. Val-carriers)
Anterior MTL (extending into amygdala) L – 4.17 223∗∗ −46 2 −20
3.54 −26 −2 −18
R – 4.32 103∗∗ 30 0 −22
4.25 40 −2 −24
Note: Only clusters significant at p < 0.05 corrected on cluster level were reported. ∗∗∗p < 0.05 FWE whole brain corrected; ∗∗cluster p < 0.05 whole brain corrected.
Stress, stress group; Control, control group; MTL, medial temporal lobe; PFC, prefrontal cortex; L, left; R, right; BA, Brodmann Area; MNI, MNI coordinates (SPM5).
COMT genotype-dependent effects on WM performance and
WM-related neural activity in the dorsolateral PFC, with a rel-
atively negative impact of stress in COMT Met-homozygotes as
opposed to a relatively positive effect in Val-carriers. A similar
interaction was found for WM-related deactivation in the ante-
rior MTL, with a stress-induced positive and negative effect for
Met-homozygotes and Val-carriers, respectively. As evidenced by
elevation of both HR and α-amylase, our stress induction pro-
cedure succeeded in triggering an increase of sympathetic and
noradrenergic activity, and thus resulted in increased central
release of stress-sensitive catecholamines (de Kloet et al., 2005;
Joels and Baram, 2009; Ulrich-Lai and Herman, 2009), which
has been confirmed by our recent pharmacological fMRI study
in humans (Hermans et al., 2011). The effectiveness of the stress
induction did not differ between genotype groups. We, therefore,
discuss how stress-induced elevation of catecholamines, together
with genetic variation in catecholaminergic function, accounts
for our observed COMT genotype-dependent effects of stress on
WM processing.
Our findings of an opposite effect of stress induction inCOMT
Met-homozygotes as compared to Val-carriers are in line with
animal models of the role of catecholamines in the neuromod-
ulation of cognition. Such models assume that catecholaminergic
activity exhibits an inverted U-shaped relationship with higher-
order prefrontal cognitive function, and that optimal perfor-
mance is reached at moderate levels of catecholamines (Arnsten
and Li, 2005; Aston-Jones and Cohen, 2005; Arnsten, 2007, 2009).
Thus, these models predict that the effect of stress-induced ele-
vation of catecholaminergic activity may vary depending on the
baseline. In humans, homozygous carriers of the Met allele have
lower COMT availability, presumably resulting in higher cat-
echolaminergic activity at baseline. Our findings show that a
moderate level of stress has a relatively negative impact on neu-
rocognitive functioning in these individuals, possibly because an
elevation of catecholaminergic activity shifts the PFC function-
ing toward a supraoptimal state at the right side of the alleged
inverted-U shaped curve (see Figure 5A). Interestingly, we found
an opposite effect in Val-carriers, where a similar amount of stress
had a relatively positive effect. To interpret this pattern of results,
it is important to consider that the stressor used in this study
was relatively mild. For instance, we observed a decrease of cor-
tisol from pre- to post-stressor levels in the control condition
but no significant change in the stress condition. Exposure to
more stressful situations (i.e., higher levels of cortisol induced)
has been found to result generally in detrimental effects on WM
processing (Oei et al., 2006; Schoofs et al., 2008, 2009), par-
ticularly when high levels of cortisol and noradrenergic activity
occurred concurrently (Elzinga and Roelofs, 2005; Schoofs et al.,
2008). Moreover, we previously found detrimental effects of acute
stress on activity in the dorsolateral PFC across an unselected
female sample (Qin et al., 2009), but that study did not imple-
ment a crossover design (i.e., repeated testing) andmay, therefore,
have been slightly more stressful for the participants in the stress
condition. It is well possible that higher levels of acute stress
would also have a negative impact in COMT Val-carriers. Thus,
various (i.e., decreased or improved) effects of acute stress on
PFC functions observed in previous studies (Wang et al., 2005;
Porcelli et al., 2008; Pruessner et al., 2008; Weerda et al., 2010)
may be partly explained by the non-linear relationship between
levels of stress-induced catecholamines and prefrontal function-
ing, and potential interactions with individual differences in
basal catecholaminergic availability. In sum, our findings sug-
gest that individuals with high catecholaminergic availability at
baseline (COMT Met-homozygotes) are more susceptible to the
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FIGURE 4 | Stress-by-COMT genotype interaction effect on WM-related
deactivation in the MTL. (A) Transversal (left panel) and coronal (right
panel) view of deactivation in the bilateral anterior MTL showing significant
stress-by-COMT genotype interaction effect. Statistical parametric maps
are superimposed onto spatially normalized and averaged (n = 39)
high-resolution T1-weighted images (thresholded at p < 0.001 uncorrected
for visualization purposes). (B) Bar graphs representing parameter
estimates of WM-related deactivation under control and stress conditions
in Met-homozygotes (Met/Met) and Val-carriers. The data for these bar
graphs were extracted illustrating the interaction effect. Note: Control,
control condition; MTL, medial temporal lobe; Stress, stress condition; error
bars in the graph represent standard error of mean; T, color coded t values
obtained from the whole brain analysis.
detrimental effects of stress, whereas Val-carriers appear more
resilient.
Animal studies have shown that at a cellular level, the
prefrontal WM network is strengthened through actions of
α2A-adrenoceptors and increased neural firing via inhibition of
cAMP-HCN (cyclic adenosine monophosphate-hyperpolari-
zation-activated cyclic nucleotide-gated cation channel) signaling
(Wang et al., 2007), while optimal levels of dopamine decrease
task-irrelevant neuronal firing by increasing cAMP-HCN signal-
ing (Arnsten, 2007, 2009;Vijayraghavan et al., 2007). Interestingly,
recent studies in behaving primates suggest that elevated levels
of catecholamines under stress impair prefrontal function-
ing by excessive cAMP-HCN and phosphatidylinositol-protein
kinase C (PKC) intracellular signaling pathways (Arnsten, 2007,
2009). Activation of these two stress-sensitive signaling path-
ways is thought to be regulated by molecular inhibitors provided
by enzymes such as COMT (Arnsten, 2009). The valine-to-
methionine substitution at codon 158 in the COMT protein may
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FIGURE 5 | A heuristic model illustrating the effects of COMT
genotype and stress on WM-related activation in the dorsolateral PFC
and deactivation in the MTL. Stress-by-COMT genotype interaction on
the inverted U-shaped curve between levels of catecholamines and
dorsolateral PFC function (A) and its suppression of MTL function (B).
COMT Val-carriers, with presumably lower baseline levels of
catecholamines, start from the sub-optimal left end of the inverted
U-shaped curve, with suboptimal prefrontal WM function and less MTL
suppression. Under moderate psychological stress, elevation of
catecholamines may shift catecholaminergic signaling toward an optimal
state (strong PFC activation and MTL suppression). In contrast, COMT
Met-homozygotes, with high baseline catecholamines, might already start
closer to the peak of the curve. Stress-induced elevation of catecholamines
may therefore more easily shift these individuals toward a supra-optimal
state. Note: The bars represent the magnitude of neural activation in the
dorsolateral PFC and deactivation in the MTL, respectively. PFC, prefrontal
cortex; MTL, medial temporal lobe.
reduce the ability of COMT to inhibit the activation of these
stress-sensitive pathways. By showing a genotype-dependent dif-
ference in stress resilience, with relatively stronger stress sensitivity
in human carriers of the COMT Met allele, our data provide the
first evidence for these notions in humans.
Human neuroimaging studies consistently show that WM-
related activation of the dorsal frontoparietal “executive” net-
work is accompanied by a reciprocal deactivation in regions
comprising the “default mode” network (DMN), including the
MTL and amygdala (Selemon and Goldman-Rakic, 1988; Dolcos
and McCarthy, 2006; Esposito et al., 2006; Arnsten, 2009). Our
data robustly replicate these findings, but moreover reveal an
interaction between stress and COMT genotype in the bilat-
eral anterior MTL, extending into the amygdala. This interaction
shows an opposite pattern to the one observed in the dorsolat-
eral PFC (see Figures 4 and 5A,B), with less deactivation after
stress in COMT Met-homozygotes as compared with Val-carriers.
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This finding may be a consequence of the concomitant effect on
frontal regions, resulting in altered efficacy of these regions to
suppress the DMN. An alternative, but partly complementary,
explanation of this finding is that stress-sensitive catecholaminer-
gic changes may exert regionally specific effects on PFC function-
ing (Aston-Jones and Cohen, 2005; Shin et al., 2005; Dolcos and
McCarthy, 2006; Etkin and Wager, 2007), but at the same time
have their opposite effects on neural processes in limbic regions,
particularly the MTL and the amygdala (Coull et al., 2001; de
Kloet et al., 2005; Chamberlain et al., 2006; Admon et al., 2009;
van Marle et al., 2009). The function of such a large-scale reallo-
cation of neural resources (Bouret and Sara, 2005; Sara, 2009; Oei
et al., 2011) may be to effectuate a hypervigilant brain state pro-
moting rapid behavioral adaptation to adverse conditions at the
cost of elaborative executive functions.
It is worth noting that our stress induction procedure refers to
an emotion focused, moderate acute psychological stressor rather
than socially and cognitively oriented stressors such as the Trier
social stress test (TSST) and arithmetic calculation with nega-
tive evaluation (Kirschbaum et al., 1993; Dickerson and Kemeny,
2004; Wang et al., 2005; Pruessner et al., 2008). The reason
why we did not observe a reliable increase (but nevertheless a
significant difference between stress and neutral conditions) in
cortisol lies probably in the specifics of the experimental design.
The genetic analysis required a within-subject design reduc-
ing the contextual novelty effects substantially. Furthermore, we
opted for a short succession of the two conditions for reasons
of practicality. Nevertheless, converging evidence from multiple
elegant readout measurements in the present study as well as
our previous studies, including increase in hear rate and corti-
sol, changes in pupil dilation responses (Henckens et al., 2009;
Qin et al., 2012) and increase in α-amylase and amygdala perfu-
sion (Cousijn et al., 2010, 2012), firmly promote the conclusion
that our emotion focused stress induction procedure was effec-
tive. That is, our procedure indeed successfully induced a state
characterized by hyperactivation of catecholaminergic systems
and negative mood (Arnsten and Goldman-Rakic, 1998; Arnsten,
2009; Hermans et al., 2011; Shackman et al., 2011; Weymar et al.,
2011).
Behaviorally, we found COMT genotype-dependent effects of
moderate acute psychological stress on WM performance, but
no main effect of genotype at baseline in the control condi-
tion. The lack of a genotype effect on baseline WM performance
may be attributed to a lack of sensitivity at a behavioral level
(Meyer-Lindenberg and Weinberger, 2006). A pretraining proce-
dure prior to fMRI scanning may also play a role in reducing the
potential genotype effect. Nonetheless, we found a robust main
effect of genotype onWM-related activity in the dorsolateral PFC,
indicating that brain imaging genetics may have higher sensitivity
for subtle genetic effects on putative neural activity related to cog-
nition and behavior, and thus serving as so-called intermediate
phenotype (Meyer-Lindenberg and Weinberger, 2006).
In conclusion, the present study demonstrates COMT
genotype-dependent effects of moderate stress on WM per-
formance, WM-related activation of the dorsolateral PFC, and
WM-related deactivation in the anterior MTL, with a more neg-
ative impact of stress in the genotype that is associated with
higher baseline levels of catecholamines. These findings are in line
with animal models of catecholaminergic function that assume
an inverted U-shaped relationship between catecholaminergic
activity and PFC-dependent higher-order cognitive functions.
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